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A major emphasis i n  t h e  thermochemical conversion of biomass to  f u e l s  and chemicals 
i s  on the  high hea t  t r a n s f e r  processes  general ly  c a l l e d  f a s t  py ro lys i s  ( 1 ) .  The 
ob jec t  of f a s t  py ro lys i s  is t o  produce high-value, low-molecular-weight products 
while avoiding t h e  formation of char .  This concept has  been appl ied t o  the 
formation of hydrocarbon gases  ( 1 )  and t o  the d i r e c t  l i que fac t ion  of wood ( 2 )  a s  
wel l  a s  t o  the  f l a s h  py ro lys i s  of coa l  ( 3 ) .  

One problem i n  these  processes  is t h a t  t he  r a t e  and r eac t ion  condi t ions make it 
d i f f i c u l t  t o  study the  s e q u e n t i a l  r eac t ions  t h a t  occur,  p a r t i c u l a r l y  the  i n i t i a l  
d e v o l a t i l i z a t i o n  or primary py ro lys i s  s t eps .  This i n i t i a l  product s l a t e  is 
d i f f i c u l t  t o  determine due t o  the  r e a c t i v i t y ,  thermal l a b i l i t y ,  and molecular weight 
range of the products as well  a s  the subsequent condensation o r  cracking react ions 
t h a t  mask the  i n i t i a l  composition. 

To accomplish the determinat ion of primary product composition, t he  f l a s h  pyrolysis  
of samples i n  900°C steam/He has  been coupled with a molecular-beam sampling system 
f o r  a mass spectrometer t h a t  permits real-t ime sampling and rapid quenching from 
ambient hot  environments,  while  preserving r e a c t i v e  and condensible spec ie s .  This 
system has been ex tens ive ly  descr ibed i n  two r ecen t  pub l i ca t ions  ( 4 ,  5 )  and is 
b r i e f l y  reviewed i n  the  experimental  s e c t i o n  below. 

The m j o r  emphasis of t h i s  r epor t  i s  on  t he  determination of the primary pyrolysis  
mechanism of t h e  f a s t  py ro lys i s  of l i gnoce l lu los i c  biomass and i t s  major 
cons t i t uen t s :  c e l l u l o s e ,  hemicel lulose ( p a r t i c u l a r l y  the  pentoses ,  xylan and 
a rab inan) ,  and l i g n i n .  Other carbonaceous mater ia ls  a r e  a l s o  included fo r  t he  
purposes of comparison and demonstrating the  technique, but  py ro lys i s  mechanisms 
w i l l  not be discussed.  These ma te r i a l s  include Texas l i g n i t e ,  P i t t sbu rgh  # 8  coa l ,  
Utah tar sand, Cblorado o i l  sha l e ,  high-moor and low-moor peat ,  polyethylene,  and 
polystyrene.  m e  p l a s t i c s  a r e  included because they a r e  an important component of 
municipal s o l i d  waste and refuse-der ived f u e l .  

WPERIWINTAL 

The f a s t  pyrolysis/molecular-beam sampling/mass spectrometer (Fig.  1 )  used i n  t h i s  
study is run by suspending a qua r t z  boat  of mater ia l  (25-50 mg) i n  t h e  unigni ted 
flame gases ( H 2 ,  02, and H e )  and posi t ioned a t  5 mm below t h e  sampling o r i f i c e .  A t  
t h i s  pos i t i on ,  res idence t i m e  (5 -25  m s )  is i n s u f f i c i e n t  f o r  secondary cracking t o  
occur.  The flame is i g n i t e d  and t h e  900°C steam and helium, which a r e  maintained 
f r e e  of oxygen, h e a t  t h e  sample t o  py ro lys i s  and sweep t h e  products  away s o  only 
promptly-formed gases a r e  introduced i n t o  the  sampling o r i f i c e .  Since the  i n i t i a l  
pyrolysis  process is endothermic and e s s e n t i a l l y  a b l a t i v e ,  t he  a c t u a l  process 
temperature is wel l  below t h e  900°C steam/He ( 1 ) .  The sonic  sampling o r i f i c e  
rapidly quenches t h e  sampled gases  which a r e  subsequently col l imated a s  a molecular 
beam for  i n t roduc t ion  i n t o  the  ion source of a quadrupole mass spectrometer.  Low 
energy e l ec t ron  inpac t  i o n i z a t i o n  ( 1 5 . 5  eV) i s  used t o  minimize fragmentation. The 
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f r e e - j e t  expansion of the  sampled gases r e s u l t s  i n  rapid quenching and presents  
' i n t e r n a l l y  cooled molecules t o  the  i o n  source which a l s o  minimizes i o n i z a t i o n  
f fragmentation. 

The two major disadvantages of the technique a re :  ( 1 )  d i f f i c u l t y  i n  q u a n t i t a t i o n  
due t o  mass d iscr imina t ion  i n  t h e  molecular beam, and v a r i a t i o n  i n  i o n i z a t i o n  
s e n s i t i v i t i e s  a t  low e l e c t r o n  energy; and ( 2 )  t h e  ambiguity i n  s t r u c t u r e  assignment 
based on only  t h e  i o n  mass. 

RESULTS AND DISWSSION 

Biomass  

'\ 

\ 

Cellulose pyro lys i s  has been ex tens ive ly  i n v e s t i g a t e d  ( 6 ) .  In  Fig. 3 ( t o p )  i s  shown 
t h e  pyrolysis-mass spectrum (py-ms) of c e l l u l o s e  from 45 t o  445 amu. Levoglucosan 

, (Fig. 2, I) is w e l l  known t o  be the  major primary p y r o l y s i s  product from c e l l u l o s e  
i n  the  high temperature p y r o l y s i s  regime (71, y e t  t h e  parent  i o n  (mass 162) i s  of  
secondary importance i n  t h e  spectrum. Work with chemical i o n i z a t i o n  (8) has shown 
t h a t  under t y p i c a l  i o n  source condi t ions ,  levoglucosan i s  h i g h l y  fragmented by EI. 
The major por t ion  of masses 144, 73, 60, and s i g n i f i c a n t  p o r t i o n s  of 98 and 126, a r e  
due t o  E1 fragmentation of levoglucosan, so caut ion  is requi red  i n  i n t e r p r e t i n g  py- , m s .  Nevertheless,  from s tudying  model compounds t o  determine t h e  ex ten t  of E 1  
fragmentation, a g r e a t  d e a l  of i n s i g h t  can be gained from t h i s  experimental  
system. The s t r i k i n g  s i m p l i c i t y  of c e l l u l o s e  pyro lys i s ,  p a r t i c u l a r l y  i n  the higher 
mass region, is an i n d i c a t i o n  of t h e  dominance of t h e  t r a n s g l y c o s y l a t i o n  mechanism 
which leads t o  levoglucosan formation ( 7 ) .  The set of peaks a t  h igher  molecular 

1 weights ( 2 8 8 ,  306, 324, 325) is due t o  dimer formation and i s  analogous t o  t h e  126, 
, 144, 162, 163 series f o r  levoglucosan. The dimer ( m a s s  324) could be due t o  a 

glucose-levoglucosan d isacchar ide ,  but t h a t  substance would probably be of l i m i t e d  , thermal s t a b i l i t y .  Another p o s s i b i l i t y  is  the formation of 1 '  ,6 :4 '  ,2-dianhydro- 
diglucopyranose (Fig.  2, 11) by t r a n s g l y c o s y l a t i o n  from t h e  hydroxymethyl group of 
r i n g  1 t o  t h e  C-1 of r i n g  2. Groups analogous t o  t h i s  dimer s e r i e s  have been 
observed up t o  mass 1135 (7 u n i t s ) .  The odd masses such a s  163 and 325 a r e  thought ' t o  be E1 fragments of higher polymers because t h e  r a t i o s  162/163 and 324/325 

{ decrease a s  t h e  EI vo l tage  i s  increased  from 15 t o  50 ev. These observa t ions  a r e  
specula t ive  and r e q u i r e  c o l l a b o r a t i o n  with o t h e r  experimental  systems. 

The a d d i t i o n  of c a t a l y t i c  amounts of a l k a l i  s a l t s  h a s  been known t o  i n h i b i t  
levoglucosan formation ( 7 ) .  The py-ms of c e l l u l o s e  t r e a t e d  with 5% (mole) e 
( K ~ c o ~ )  is shown i n  t h e  bottom of Fig. 3. The s i m p l i c i t y  of c e l l u l o s e  p y r o l y s i s  h a s  
been replaced by a much more complicated spectrum with the  not iceable  absence of 
levoglucosan and t h e  dimer. The masses assoc ia ted  with furan  compounds a r e  now 
predominant: 98, f u r f u r y l  a lcohol ;  110. 5-methyl-furfural;  and 126, 5- 
(hydroXYmethyl)-fUrfuKdl. Only 110 is increased  i n  a b s o l u t e  t e r m  above what i s  
obtained i n  unt rea ted  c e l l u l o s e  pyro lys i s .  Within the  low-molecular-weight range, 
which is not  shown here ,  masses 32 and 43 i n c r e a s e  i n  y i e l d  due t o  methanol and 
carbonyl compounds, respec t ive ly .  This treatment a l s o  i n c r e a s e s  the  y i e l d  of char  
by a f a c t o r  of 100. A poss ib le  explana t ion  f o r  t h e s e  observa t ions  is  t h a t  t h e  
a l k a l i  sa l t  ca ta lyzes  the CroSS-linking between c e l l u l o s e  cha ins  and prevents the 
s ter ic  rearrangements necessary f o r  t r a n s g l y c o s y l a t i o n .  This allows the  simple 
f i s s i o n  r e a c t i o n s  t h a t  y i e l d  carbonyl compounds, furans ,  and methanol t o  predominate 
as well  as preserv ing  more of t h e  carbon a s  Char. 

The hemice l lu loses  a r e  heterogeneous polysaccharides.  Examples a r e  xylans 
(hardwoods), glucomannans (softwoods).  and arab inogalac tanes  ( a l s o  c l a s s i f i e d  a s  an , e x t r a c t i v e )  ( 9 ) .  Only xylan and arab inose  w i l l  be d iscussed  here  s i n c e  the  other 
hexopyranoses have s i m i l a r  p y r o l y s i s  products  t o  c e l l u l o s e .  Xylan is a @-1,4 pento- 
pyranose polymer t h a t  d i f f e r s  from Cel lu lose  mostly by t h e  missing hydroxymethyl 
group (C-6). In n a t i v e  mod ,  t h e  xylan h a s  a c e t y l  groups bound t o  t h e  C-2 p o s i t i o n  

I as w e l l  as minor amounts Of glucuronic ac id .  In t h e  separa t ion  technique these 
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alt-oups a r e  removed and r e s i d u a l  s a l t s  from the process may have an e f f e c t  on the  
py ro lys i s  of xylan as seen i n  c e l l u l o s e  py ro lys i s .  The spectrum shown i n  t he  top of 
~ i q .  4 demonstrates t h a t  i n  the absence of the hydroxymethyl group, no simple high- , 

molecular-weight p a t t e r n  i s  p resen t .  In f a c t ,  t h e  spectrum is  s i m i l a r  t o  the one 
f o r  t he  a l k a l i - t r e a t e d  c e l l u l o s e  i n  Fig. 3. The lower-molecular-weight peaks a r e  . 

probably carbonyl compounds (e.g., butanedione, 8 6 )  and furan compounds (e.g., . 
f u r f u r a l ,  96). Schulten and Gortz ( 7 0 )  proposed th ree  basic  chemical react ion 
mechanisms to  explair? the formation of t h e  smaller  py ro lys i s  products :  dehydration, 
r e t r c a l d o l i z a t i o n ,  and decarbonylat ion,  but  they a r e  probably only important a s  , 
primary r eac t ions  when t r ansg lycosy la t ion  is prevented, a s  fo r  xylan, and a r e  more 
important a s  secondary cracking pathways. The l a rge  peak a t  114 has been i d e n t i f i e d  I 

from xylan pyrolysis  a s  3-hydroxy-2-penteno-l.5-lactone by Ohnishi et  a l .  (1 1). 
T h i s  is the most c h a r a c t e r i s t i c  peak of pentoses and is p resen t  i n  both xylan and ' 
arabinose although they have pyranose and furanose s t r u c t u r e s ,  r e spec t ive ly .  

Arabinose is only a minor component of hemicel lulose [3.5% of a l l  sugars  i n  ' 
softwoods and minor amounts i n  hardwoods (9)l and is p resen t  a s  copolymers with 
o t h e r  sugars such a s  ga l ac tose  or xylanose. However, it is discussed here because , 
it c l e a r l y  demonstrates s o w  of the  pathways discussed previously.  Arabinose is a 
pentofuranose with a hydroxymethyl group t h a t  undergoes s imi l a r  t ransglycosylat ion ' 
r eac t ions  a s  OCCUKS i n  c e l l u l o s e  py ro lys i s .  The spectrum i n  t h e  bottom of Fig. 4 , 

shows a s e r i e s  of peaks, 132, 114, 96 which a r e  analogous t o  162, 144, 126 i n  %{ 
c e l l u l o s e .  The 132 peak may be due t o  1,5 anhydroarabinofuranose which could lose 
H20 t o  form a double bond between C-2 and C-3 and give t h e  peak a t  mass 114. 
Al te rna t ive ly ,  t h e  114 peak may be due t o  3-hydroxy-2-penteno-1,5-lactone as i s  1 
proposed by Oshnishi e t  a l .  i n  xylan py ro lys i s  (11). A dimer peak i s  present  i n  
arabinose (mass 264) i n  c o n t r a s t  to xylan. 

The t h i r d  major category of biomass cons t i t uen t s  is the  l i g n i n  f r ac t ion .  The py-ms 
of two types of separated l i g n i n  f r a c t i o n s  der ived from Aspen mod i s  shown i n  Fig. /I 
5. I n  both cases ,  the d i s t r i b u t i o n  of l i g n i n  peaks is d i f f e r e n t  from t h a t  observed 
i n  nat ive aspen py ro lys i s  where the  l i g n i n  hardwood monomers, c o n i f e r y l  a l coho l  
(180) (Fig.  2, 111) and s inapy l  a l coho l  (210) (Fig.  2, N), c l e a r l y  predominate. Of 
t he  various methods of s e p a r a t i n g  l i g n i n  from wood, ba l l -mi l l i ng  followed by so lven t  
e x t r a c t i o n  is the l e a s t  d e s t r u c t i v e  (Fig.  5, t o p ) .  The steam explosion process 
(F ig .  5 ,  bottom) changes t h e  d i s t r i b u t i o n  of products  giving decreased y i e lds  of t h e  
monomers and increased y i e l d s  of t h e  smaller  fragments. The guaiacol  (124) (Fig.  2, 
V I )  s e r i e s  is der ived from c o n i f e r y l  a l coho l  (180) and inc ludes  guaiacol  (124), 
methyl guaiacol  (138), e t h y l  gua iaco l  (152), and coniferylaldehyde (178). The 
sy r ingo l  (154) (F ig .  2, V I 1 1  s e r i e s  i s  der ived from s i n a p y l  a lcohol  (210) and 
includes methyl sy r ingo l  (168), e t h y l  sy r ingy l  (182). vinyl  sy r ingo l  (l80), propenyl 
sy r ingo l  (1941, l-hydroxy-3,5-dimethoxy-benzaldehyde (182). and syringylaldehyde 
(208). In add i t ion ,  the steam-explosion process  leads t o  a higher  abundance of the 
higher-molecular-weight dimer peaks (272, 280, 302, 332) which have a l s o  b e e n  found 
by high performance s i z e  exclusion chromatography of these ma te r i a l s .  They probably 
correspond t o  8-0-4 a l k y l  a r y l  e t h e r  s t r u c t u r e s  (Fig.  2, IX) or phenyl coumarin- 
de r ived  compounds (Fig 2, X) with p a r t i a l l y  cleaved s i d e  chains  (12). 

Studies  of t h e  r a t e  of product formation have shown t h a t  no t  only a r e  t h e  monomer 
u n i t s  formed i n  i n i t i a l l y  high y i e l d s ,  but they a r e  a l s o  the  f i r s t  products t o  form 
with smaller l i g n i n  fragments such a s  guaiacol  formed l a t e r .  The evolut ion of mass 
272 reaches a maximum a f t e r  t h e  mnomers, but  before the  l i g h t e r  fragments reach 
maximum evolut ion.  These r e s u l t s  sugges t  t h a t  during py ro lys i s  f u r t h e r  cleavage of 
t h e  higher-molecular-weight polymers i n t o  the  s t a b l e  e the r  dimers occurs.  This 
d i f f e r e n t i a l  evolut ion of primary products  from l i g n i n  py ro lys i s  is i n  c o n t r a s t  t o  
c e l l u l o s e  where a l l  products reach a maximum a t  t he  same time. 

The predominance of t h e  l i g n i n  monomers and t h e  peak a t  mass 272 i n d i c a t e s  t h a t  an 
a l t e r n a t i v e  mechanism of formation is l i k e l y  o the r  than j u s t  random bond cleavage. 

\ 

)' 
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The 8 t o  a carbon-carbon bond of the propyl s i d e  chain can be cleaved under 
py ro lys i s  condi t ions.  

Some representat ive biomass samples a r e  shown i n  f ig .  6.  N o  hardwood sample is 
shown since the  whole aspen wood spectrum c l o s e l y  resembles t h e  ba l l -mi l l ed  aspen 
l i g n i n  spectrum i n  f ig .  5 with the a d d i t i o n a l  con t r ibu t ion  from the  carbohydrates  
and t h e  d i f f e rence  i n  proport ions of l i g n i n  peaks,  with 180 and 210 being t h e  
predominant l i gn in  peaks i n  the  whole wood pyro lys i s  spectrum. The py ro lys i s  of 
pine ( f ig .  6 ,  top)  is t y p i c a l  of softwoods with t h e  l a r g e  y i e l d  of c o n i f e r y l  a l c o h o l  
and the  presence of the group of peaks a t  higher  molecular weight. The s t r u c t u r e s  
of these products a r e  probably der ived from the  dimer of c o n i f e r y l  a l coho l  with a 
minor peak a t  342 due to  the  condensation of two monomers ( 3 6 0 - 1 8 ) .  The o the r  peaks 
i n  t h i s  group a r e  probably due to  rearrangement r eac t ions .  Of p a r t i c u l a r  i n t e r e s t  
i s  the  peak a t  mass 272 since it forms e a r l i e r  than the  o the r  high-molecular-weight 
l i g n i n  peaks and is presen t  i n  higher  abundances. A poss ib l e  assignment i s  an e n o l  
e t h e r  such a s  (IX). This peak is p resen t  i n  a l l  l i g n i n s  inves t iga t ed - -k ra f t ,  mil led 
wood, organosolv, and steam explosion. 

The r i ce  h u l l  py ro lys i s  spectrum shown i n  the  bottom of Fig. 6 is t y p i c a l  of 
grasses ,  which have an a d d i t i o n a l  l i g n i n  monomer, p-coumaryl a l coho l  (mass 1 5 0 )  t h a t  
is q u i t e  o f t en  the major l i g n i n  monomer peak fo r  grasses .  l he  peak a t  mass 120 is  

p- 
vinyl-phenol. Mass 120 is unusual s ince  it has the  same e a r l y  evolut ion path a s  the 

reach maximum evolut ion s i g n i f i c a n t l y  l a t e r  than the mnomers. The pentoses a l s o  
make a s i g n i f i c a n t  con t r ibu t ion  t o  the py ro lys i s  products of g ra s ses  judging by t h e  
increased y i e ld  of mass 114 which is c h a r a c t e r t i s t i c  of xylan and arabinose 
(Fig.  4 ) .  

Ether c leavages could a l s o  occur.  

1 a l s o  common t o  most g ra s ses  and probably i s  due t o  the  coumaryl a l coho l  fragment, 

! monomers 150. 180, and 210, unlike o the r  l i g h t e r  fragments,  i.e., guaiacol ,  t h a t  

The more complex spec t r a  of t h e  py ro lys i s  products  of s e v e r a l  o the r  carbonaceous 
ma te r i a l s  a r e  shown i n  Figs. 7-10 fo r  comparison and a r e  b r i e f l y  descr ibed below. 
m e  spec t r a  of two c o a l  samples a r e  shown i n  Fig. 7a. ?he py ro lys i s  products  a r e  
more d i f f i c u l t  t o  r a t i o n a l i z e  than the  l i g n i n  peaks i n  wood. To f a c i l i t a t e  
discussion,  homologous s e r i e s  of peaks a r e  connected by l i n e s  i n  the  f i g u r e s  as is 
used by Meuzelaar e t  a l .  ( 1 3 ) .  

The l e s s  mature Texas l i g n i t e  shown i n  Fig. 7 is dominated by the  phenol ic  s e r i e s  
(94, 108, 1 2 2 ) .  Other t y p i c a l  l i g n i n  peaks (110,  124,  138, 150,  1 6 4 )  a r e  g r e a t l y  
diminished i n  t h i s  l i g n i t e  sample. Several  naphthalene-derived s e r i e s  a r e  
p re sen t :  t e t r a l i n  (Fig.  2, X I )  (132,  146,  160,  174, e t c ) ,  dihydronaphthalene (144,  
158,  172,  1 8 6 ) ,  and a l k y l  naphthalene ( 1 4 2 ,  1 5 6 ,  170, 1841, a s  wel l  a s  
tetrahydroanthracene ( 1 8 2 ,  196,  210, 2 2 4 ) .  

I 

The bituminous coal  sample, Pi t tsburgh #8,  e x h i b i t s  d i f f e r e n t  p a t t e r n s .  The 
phenolic s e r i e s  i s  decreased i n  importance ( a s  would be expected fo r  t h e  more mature 
sample) but  t he  110, 124.  138 s e r i e s  is enhanced. I n  add i t ion  t o  the  l i gn in  derived 
methoxyphenols t h i s  s e r i e s  could a l s o  be due t o  a l k y l  dihydroxybenzenes o r  
dialkenes.  The dihydronaphthalene s e r i e s  ( 1 4 4 ,  158,  172,  186) i s  much more 

I predominant than i n  l i g n i t e  and the  t e t r a l i n  and a l k y l  naphthalenes a r e  not 
obviously present .  The Se r i e s ,  184, 198,  212, 226, 240,  which is t h e  same sequence 
a s  a l k y l  naphthalenes.  is i n  t h i s  ca se  probably due t o  hexahydroanthracene, because 
of the  higher-molecular-weight range. The l a s t  s e r i e s  ou t l ined  ( 2 3 4 ,  248, 262) m y  

due t o  a 4-ring naphthenoaromatic s t r u c t u r e  with t h e  methyl d e r i v a t i v e  ( 2 4 8 )  
being the  predominant species .  This is  a l s o  the case  i n  the  hexahydroanthracene 
s e r i e s ,  and the  hydroxy and dihydroxybenzene s e r i e s ,  but the dihydronaphthalene 
s e r i e s  peaks a t  the 2-methyl de r iva t ive  ( 1 5 8 ) .  This predominance of the methyl 
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d e r i v a t i v e s  may r e f l e c t  t h e  thermal d i s s o c i a t i o n  of a l i p h a t i c  bonds between 
condensed naphthenoaromatic s t r u c t u r e s  ( 1 4 ) .  

The pyro lys i s  of o the r  geopolymers i s  shown i n  Fig. 8. Utah t a r  sands a r e  bitumen- 
impregnated rocks and no t  s t r i c t l y  geopolymers, but thermal recovery is a promising 
method of processing t a r  sands to  recover l i g h t e r  products ( 1 5 )  and so t a r  sands a re  
discussed he re .  The py ro lys i s  cf Vtah c a r  sand is shown i n  Fig. 8 and although it 
appears s impler  than the  spec t r a  f o r  coal ,  t h e  p a t t e r n s  o r  homologous s e r i e s  a re  not 
as  well  def ined.  An alkene s e r i e s  i s  p resen t  (84 ,  9 8 ,  112,  1 2 6 ) ,  but no s i g n i f i c a n t  
s e r i e s  is present  f o r  the s a t u r a t e d  hydrocarbons. The s e r i e s  82,  96 ,  110,  124 may 
be due t o  t h e  dialkene s e r i e s  a l though some con t r ibu t ion  from methoxyphenol is  a l s o  
poss ib l e .  The high abundance of mass 96 favors  the dialkene i n t e r p r e t a t i o n  s ince  
t h i s  can no t  be due t o  a phenol ic  o r  methoxyphenol r ing  s t r u c t u r e .  

The a l o r a d o  o i l  sha l e  py ro lys i s  spectrum i s  dominated by the l i g h t e r  mater ia ls  
including alkenes (56 ,  70, 84,  9 8 1 ,  dialkenes (68 ,  82, 96, 110, 1 2 4 ) ,  t r i a l k e n e s  
( e o ,  94, 108, 122, 1 3 6 ) ,  and t e t r aa lkenes  (106,  120, 134,  148, 1 6 2 ) .  The s e r i e s  
144, 158, 172, 186 may be due to  dihydronaphthalene.  The s e r i e s  of odd masses (195,  
209, 223, e t c . )  could be due t o  fragment ions of higher-molecular-weight alkenes,  
although no dominant pa ren t  peaks occur a t  higher  molecular weight. 

The pyrolysis  spec t r a  of two pea t  types a r e  shown i n  Fig. 9. Peat #1 is a high-moor 
pea t ,  which i s  der ived p r imar i ly  from mosses (Sphagnum), cot ton g ras s ,  and heath 
p l a n t s  ( 1 6 ) .  The pyro lys i s  products  a r e  predominately carbohydrate i n  nature  with 
only a minor con t r ibu t ion  from l i g n i n .  Despite t h e  predominant masses 144 and 1 6 2  
which a re  a t t r i b u t e d  t o  levoglucosan, t he  higher-molecular-weight range does not 
show the peaks c h a r a c t e r i s t i c  of t h e  dimer spec ie s  ( see  Fig. 3 )  fo r  c e l l u l o s e ,  which 
may be due t o  the heterogenei ty  of t h e  sample compared t o  pure ce l lu lose .  

Peat #2 is a low-moor pea t  (composed of p l a n t s  with a higher  l i gn in  c o n t e n t ) .  m e  
pyrolysis  spectrum r e f l e c t s  the presence of l i gn in  with the methoxyphenol s e r i e s  
(124,  138, 1 5 2 )  presen t .  'Ihe a c t u a l  l i g n i n  monomers ( 1 5 0 ,  180, 2 1 0 )  a r e  not  a s  
predominant a s  i n  f r e sh  biomass ma te r i a l s ,  which may be due to the e f f e c t s  of 
diagenesis  on l i gn in  s t r u c t u r e  ( 1 7 ) .  m e r e  i s  a l s o  a d i s t i n c t  lack of prominent 1 
high-molecular-weight peaks (such a s  mass 272)  i n  t h i s  sample a s  wel l ;  i n s t ead ,  a l l  r 
even masses a r e  p re sen t  i n  rougly equa l  abundance. 

The pyrolysis  spec t r a  of two common p l a s t i c s ,  polystyrene,  and polyethylene,  a r e  
shown i n  Fig. 10.  Both these  polymers show t h e  formation of homologous s e r i e s  of 
products.  The py ro lys i s  of o the r  polymers y i e lds  only the  monomer, such a s  
po ly t e t r a f luo roe thy lene  and poly(methy1 methacrylate) ,  while a t h i r d  group breaks 
down i n t o  complex a r r a y s  of products  such a s  polyvinylchlor ide and polyamide 
(ny lon) .  ?he polystyrene and polyethylene,  however, give t h i s  same repeat ing I 

p a t t e r n  shown i n  Fig. 1 0  t o  molecular weights g r e a t e r  than 1400 amu. 

The dominant peaks i n  t h e  polystyrene spectrum a r e  due t o  t h e  monomer (1041,  dimer 
( 2 0 8 ) ,  ad t r imer  ( 3 1 2 ) .  The o the r  masses r ep resen t  py ro lys i s  products not seen in  
o t h e r  py-ms s y s t e m  ( 1 3 ) .  Mass 116 could be due t o  indene ( f i g .  2, XII), which 
would r equ i r e  cyc l i za t ion  of t h e  a l i p h a t i c  backbone t o  form the  r ing system. The 
peak a t  130 could then be assigned t o  methylindene. Mass 142 could be assigned t o  
methyl-naphthalene, analogously (with s u b s t a n t i a l  rearrangement of the a l i p h a t i c  
c h a i n ) .  I 

There a r e  seve ra l  ion s e r i e s  p re sen t  i n  the polyethylene spectrum: a l k y l  fragment 
ions ( 5 7 ,  71, 85, 9 9 ,  113,  . . .), a lkeny l  fragment ions  ( 5 5 ,  6 9 ,  8 3 ,  9 7 ,  111,  1 2 5 ,  . . .), alkenes ( 1 9 6 ,  210, 224,  238, 252, 266, . . .),  and dialkenes ( 1 9 4 ,  208, 222,  
236, 250, . . .) .  'Ihese products i n d i c a t e  t h a t  random bond cleavage is occur r ing  
followed by hydrogen rearrangement t o  y i e l d  a s a t u r a t e d  end and a n  unsaturated end 
( t h e  a lkenes ) ,  al though the re  i s  a high proport ion of molecules having two 
unsaturated ends ( t h e  d i a lkenes ) .  The e x t e n t  of condensation r eac t ions  is unknown. 
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(XINCIAJSIORS 

Biomass samples give a r e l a t i v e l y  simpler spectrum of products compared t o  the 
product s l a t e  obtained from organic  geochemical samples. In t h e  l a t t e r  ma te r i a l s ,  a 
higher  degree of sample heterogenei ty ,  diagenesis ,  and humificat ion may explain most 
of t he  d i f f e rences .  

Cel lulose Pyrolysis  a t  high temperature i s  dominated by levoglucosan possibly a s  a 
r e s u l t  of t ransglycosylat ion r eac t ions ,  which depend on t h e  hydroxy methyl group f o r  
s t e r i c a l l y  favored a t t ack .  Higher anhydro-polymers may a l s o  be formed by in t e r - r ing  
a t t a c k  by the primary hydroxyl group. A competing mechanism is evident  i n  t h e  
presence of a l k a l i  metal  s a l t s :  bond f i s s i o n  r eac t ions  which y i e ld  carbonyl 
compounds, furans,  and methanol. 

Lignin, although of a more complicated s t r u c t u r e ,  a l s o  y i e lds  r e l a t i v e l y  simple 
primary pyrolysis  products dominated by the  th ree  precursor  monomers t h a t  make up 
t h e  macromolecule, although the con t r ibu t ion  from smaller  f i s s i o n  products is m r e  
s i g n i f i c a n t  than i n  t h e  homogeneous polymer, c e l l u l o s e .  l h e  formation of higher-  
molecular-weight products from l ign in  a l s o  ind ica t e s  the predominance of s p e c i f i c  
r e a r r a n g e m t  r eac t ions  over simple bond f i s s i o n .  An example i s  t h e  predominance of 
t h e  peak a t  mass 272 i n  a l l  t h e  l i gn in  samples inves t iga t ed ,  i r r e s p e c t i v e  of gene t i c  
o r i g i n  o r  method of p repa ra t ion .  

The complexity of the py ro lys i s  spec t r a  of coa l ,  t a r  sands,  o i l  shale ,  and t o  a 
l e s s e r  ex ten t ,  peat  i n d i c a t e s  t he  g rea t e r  importance of l a b i l e  bond f i s s i o n  i n  t h e  
py ro lys i s  of geopolymers. 
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p i p e  1 .  Ilolecular-Beam Apparatus for Elst Biomass Pyrolysis. 
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